We present ZJHKL M photometry of a sample of 58 late-M, L, and T dwarfs, most of which are identified from the Sloan Digital Sky Survey and the Two Micron All-Sky Survey. Near-infrared spectra and spectral classifications for most of this sample are presented in a companion paper by Geballe et al. We derive the luminosities of 18 dwarfs in the sample with known parallaxes, and the results imply -2 -that the effective temperature range for the L dwarfs in our sample is approximately 2200-1300 K and for the T dwarfs 1300-800 K. We obtained new photometric data at the United Kingdom Infrared Telescope for: 42 dwarfs at Z, 34 dwarfs at JHK, 21 dwarfs at L , as well as M data for two L dwarfs and two T dwarfs. The M data provide the first accurate photometry for L and T dwarfs in this bandpass -for a T2 and a T5 dwarf, we find K-M = 1.2 and 1.6, respectively. These colors are much bluer than predicted by published models suggesting that CO may be more abundant in these objects than expected, as has been found for the T6 dwarf Gl 229B. We also find that K-L increases monotonically through most of the M, L, and T subclasses, but it is approximately constant between types L6 and T5, restricting its usefulness as a temperature indicator. The degeneracy is probably due to the onset of CH 4 absorption at the blue edge of the L bandpass. The JHK colors of L dwarfs show significant scatter, suggesting that the fluxes in these bandpasses are sensitive to variations in photospheric dust properties. The H − K colors of the later T dwarfs also show some scatter which we suggest is due to variations in pressure-induced H 2 opacity, which is sensitive to gravity and metallicity.
Introduction
For most of the twentieth century, the classical Harvard spectral types -OBAFGKMspanned the temperature range of all known main-sequence dwarfs. The discoveries of very cool companions to the white dwarf GD 165 (Becklin & Zuckerman 1988 ) and the M dwarf Gliese 229 (Nakajima et al. 1995) , however, foreshadowed the first extension of the Harvard system in nearly 100 years. GD 165B is now known to have T eff ≈ 1900 K and a probable mass of ∼ 0.07 M , placing it near the stellar-substellar mass boundary (Kirkpatrick et al. 1999b ). With T eff ≈ 950 K and a mass of 0.015-0.07 M (Saumon et al. 2000) , Gl 229B is cool enough to show methane absorption in its near-infrared spectrum and is unambiguously substellar (i.e., a brown dwarf). These two objects remained unique until the late 1990's, when new sky surveys began revealing significant numbers of similar objects in the field.
In 1997, several GD 165B-like objects were discovered from two near-infrared sky surveys, the Two Micron All-Sky Survey (2MASS; Kirkpatrick, Beichman, & Skrutskie 1997 ) and the DEep Near-Infrared Survey (DENIS; Delfosse et al. 1997) , as well as a southern hemisphere proper motion survey (Ruiz, Leggett, & Allard 1997) . In 1999, several Gl 229B-like brown dwarfs were found in the commissioning data of the Sloan Digital Sky Survey (SDSS; Strauss et al. 1999; Tsvetanov et al. 2000) , the 2MASS database (Burgasser et al. 1999) , and the New Technology Telescope Deep Field (Cuby et al. 1999) . GD 165B and Gl 229B became the respective prototypes of two new spectral classes, L and T (Kirkpatrick et al. 1999a; Martín et al. 1999b) . Over 100 L dwarfs and tens of T dwarfs are now known.
In this paper, we present 0.95-4.70 µm photometry of 58 late-M, L, and T dwarfs obtained with the United Kingdom Infrared Telescope (UKIRT). We describe the sample in §2 and present the photometry in §3. In §4, we derive the luminosity and estimate the temperature of 18 M, L and T dwarfs for which parallaxes are known, to place our sample in a physical context. In §5 we discuss the correlation of the photometry with the spectral sequence presented in a companion paper by Geballe et al. 2002 (hereafter G02) ; we also discuss the correlations between colors, and we compare the K − L and K − M colors of the L and T dwarfs with model predictions. Conclusions are given in §6.
The Sample
Most of the sample comprises L and T dwarfs identified from SDSS (York et al. 2000) and 2MASS (Beichman et al. 1998) . G02 describe the selection criteria for candidate L and T dwarfs culled from the SDSS photometric catalog. The sample presented here consists of both new and previously reported SDSS dwarfs, as well as other published cool dwarfs. This work is primarily concerned with the infrared colors of L and T dwarfs, but late-M dwarfs are included to define a blue edge to the sequences under study. Table 1 lists the 58 dwarfs in the sample. Names and coordinates are given in columns 1, 2, and 3. Throughout this paper, we abbreviate the names of the DENIS, 2MASS, and SDSS objects by giving the survey acronym followed by the first four digits of right ascension and the sign and first two digits of declination. Note that Gl 570D is also known as 2MASSW J1457150-212148 and 2MASSW J1523+30 is also known as Gl 584C. Column 4 of Table 1 lists the distance moduli, where available, derived from sources as given in the Table. The spectral types are listed in column 5.
Of the twelve M dwarfs in the sample, eleven have previously published spectral types. The one new SDSS M dwarf is classified as M8.5 by G02 on the basis of near-infrared water band indices. There are 29 L dwarfs in the sample. One is the prototype GD 165B (Becklin & Zuckerman 1988) , another is Kelu-1 (Ruiz, Leggett, & Allard 1997) , three are from DENIS (Delfosse et al. 1997) , thirteen are from 2MASS , and eleven are from SDSS (Fan et al. 2000; G02) . G02 have classified all but four of these L dwarfs based on near-infrared spectral indices; the classification scheme is consistent with the optical/red schemes proposed by Kirkpatrick et al. 1999a and Martín et al. 1999b , at least for spectral types L0 to around L6 (see discussion in G02). The spectral types of the four L dwarfs not classified by us have been taken from Kirkpatrick et al. 2000 . There are 17 T dwarfs in the sample. One is the prototype Gl 229B (Nakajima et al. 1995) , eleven are from SDSS, and five from 2MASS. G02 have classified all of these objects using near-infrared spectra.
Photometric Data

Instrumentation
All new photometric data were obtained at the 3.8 m UKIRT on Mauna Kea, over the period 1999 June to 2001 May. Two cameras were used: UFTI, which has filters covering the region 0.85-2.4 µm and a plate scale of 0. 091 pixel −1 ; and IRCAM, which has filters covering the region 1.15-4.9 µm and a plate scale of 0. 081 pixel −1 . The IRCAM field of view is 20. 7; UFTI was used in single-quadrant readout mode resulting in a field of view of 46. 6. UFTI contains a non-standard Z filter. Both cameras contain Mauna Kea Observatory Near Infrared (MKO-NIR) J, H, and K filters. IRCAM also contains MKO-NIR L and M filters. The MKO-NIR system matches the near-infrared atmospheric windows, thereby producing more accurate photometry than previous filter systems and easing comparison of photometry between observatories (Simons & Tokunaga 2002; Tokunaga & Simons 2002) . The half-power wavelength ranges of the filters are given in Table 2 . These bandwidths reflect the transmission profiles of the filters at cold (instrument) temperatures convolved with the telescope optics and the Mauna Kea atmospheric transmission; the response of the detectors is flat across each filter bandpass and has not been included. The filter profiles are shown in Figure 1 . To compare these profiles with those of other commonly used filters, see for example Bessell & Brett 1988. The 5% errors in the Z magnitudes are usually dominated by the calibration error. The Z filter provides color information where the flux distribution is rapidly rising for L and T dwarfs, and it is useful for calibrating both red spectra and the short-wavelength end of near-infrared spectra. Observations typically consisted of 120-250 s exposures, repeated three to five times with small telescope offsets between exposures. Flat fields were created through the night by median filtering these sets of dithered exposures. (Flat fields were created for all filter and instrument combinations using this technique.) Table 4 lists the MKO-NIR JHK magnitudes, errors, camera selection, and date of observation for 34 dwarfs. The data were calibrated using UKIRT faint standards appropriately transformed onto the MKO-NIR system (Hawarden et al. 2001) . No color terms could be detected between the cameras. Observations typically consisted of five 60 s exposures, with small telescope offsets between each exposure. Table 5 lists the magnitudes and dates of observation for 21 dwarfs observed at L and four dwarfs (two L, two T) observed at M . All data were obtained using IRCAM and calibrated using UKIRT bright standards, for which no transformations are required between the UKIRT and MKO L and M systems. The M data were obtained over two consecutive dry nights. At these wavelengths the sky background is high and exposure times have to be short. Typically, each L exposure consisted of 100 coadded 0.2 s integrations, and each M exposure comprised 75 coadds of 0.12 s integrations. The telescope was offset slightly between exposures, adjacent pairs of frames were subtracted to remove the rapidly varying and high background, and every four pairs of differenced images were combined and divided by a flat field. This process was repeated until sufficient signal to noise was achieved. For targets with L ∼ 11-13, total integration times of 1 to 30 min were required to achieve 5% photometry. For objects with M ∼ 12, about 1.3 hr of integration were required for 10% photometry. (Overhead is about a factor of two at these wavelengths.) These data are the first accurate M -band measurements of L and T dwarfs. The only previously published M -band measurement is for Gl 229B, for which Matthews et al. 1996 obtained 7±3 mJy, or 10.9± ∼0.5 mag.
Bailer- Jones & Mundt 2001 have reported variability at the 5% level in the I-band for M and L dwarfs, which they suggest is due to dust formation. We have repeat observations for very few of our targets. Three dwarfs have two sets of JHK measurements: the L dwarfs SDSS 0107+00, SDSS0830+48 and SDSS 1326-00. Observations of the first two objects repeated to better than 3% and the last repeated well at J, but at H and K the values differed by 9% which may not be significant.
The image quality during our runs was characterized by seeing of FWHM 0. 4-1. 0. No new, close (within a few arcseconds), candidate companions were resolved for any of our targets, to a 2σ detection limit of H≈20.5. Distant objects in the fields have not yet been followed up.
Synthesized Photometry
For some of the dwarfs listed in Table 1 we have synthesized MKO-NIR photometry by transforming data obtained with the previous UKIRT filter system or by convolving flux calibrated spectra with the MKO-NIR bandpass profiles. We derived the MKO-NIR JHK magnitudes of three M4-M5 dwarfs (LHS 11, LHS 315, and LHS 333AB) from their respective UKIRT system magnitudes using the transformations of Hawarden et al. 2001 . We synthesized MKO-NIR JHK magnitudes for several late-M, L, and T dwarfs using the bandpass profiles and flux calibrated spectra from Leggett et al. 2000a Leggett et al. , 2001 , and G02. We calibrated the synthetic magnitudes by convolving the energy distribution of Vega with the bandpass profiles and by assigning zero magnitude to Vega in each bandpass. The objects listed in Table 1 for which synthetic JHK magnitudes were derived are: the M dwarfs LHS 36, LHS 292, LHS 3003, TVLM 513-46546, and BRI 0021-0214; the L dwarfs 2MASP J0345+25, Kelu-1, DENIS-P J1058-15, GD 165B, and DENIS-P J1228-15AB; and the T dwarfs SDSS 1346-00 and SDSS 1624+00. For the T dwarf Gl 229B we synthesized all of the ZJHKL magnitudes using the flux calibrated spectrum of Leggett et al. 1999 (a recalibrated combination of the spectra of Geballe et al. 1996 and Oppenheimer et al. 1998 ). Table 6 lists all the new and transformed ZJHKL M colors for the sample, sorted by spectral type. Absolute K magnitudes are given for objects with published parallax measurements. Table 6 also includes the previously published MKO-NIR colors of SDSS 0539-00, SDSS 0837-00, SDSS 1021-03, SDSS 1254-01 (Leggett et al. 2000b) , and Gl 570D . JHK photometry is listed for three UKIRT M-dwarf photometric standards (LHS 2347, LHS 2397a, and LHS 2924), obtained as part of a UKIRT program to observe standards with the MKO filter set. Additional L data for M dwarfs have been taken from Leggett 1992 and Leggett et al. 1998 . Additional L data for L dwarfs have been taken from Jones et al. 1996 for GD 165B, from Leggett et al. 1998 for Kelu-1 and from Leggett et al. 2001 for 2MASP J0345+25, DENIS-P J0205-11AB, DENIS-P J1058-15 and DENIS-P J1228-15AB. Some of these data were obtained with the UKIRT L filter which cuts on slightly redder than the MKO-NIR filter. Although this is significant for late L dwarfs and T dwarfs, as we discuss below, for these earlier type objects the effect is less than the uncertainties in the published magnitudes.
Observed Colors
Luminosities and Effective Temperatures
It is useful to estimate effective temperatures for our sample in order to interpret the trends seen in our observed colors. To do so we use the observed luminosities, as the theoretical determinations of radius and luminosity for low-mass stars and brown dwarfs are reasonably robust and independent of the atmospheric models. T eff can therefore be derived from integrated luminosity with reasonable assumptions for radius. Figure 2 shows M K versus J-K (left panel) and K-L (right panel) for those dwarfs in our sample with published parallaxes. In the left panel, we have labeled the faintest L and T dwarfs; in the right panel, we have labeled the known binaries and Kelu-1, which is superluminous but for which Hubble Space Telescope observations show no resolved companion (Martín, Brandner, & Basri 1999a) . DENIS-P J1228-15AB and DENIS-P J0205-11AB are composed of identical pairs of L dwarfs (Martín, Brandner, & Basri 1999a; Leggett et al. 2001) . 2MASSI J0746+20AB consists of a pair of similar early L dwarfs, and 2MASSs J0850+10AB consists of an L dwarf and probably a T dwarf (Reid et al. 2001b ).
J-K reddens at first with decreasing M K , or decreasing effective temperature, then becomes bluer as the K-band CH 4 and H 2 O absorptions become stronger (see for example the spectra presented in G02). K − L increases approximately monotonically in this figure and spectral types are indicated along the top of the right panel. As we show later, the near-infrared colors of L and T dwarfs do show some scatter with spectral type and more trigonometric parallaxes must be obtained before we can adequately determine how these variations affect the infrared color-magnitude diagrams of brown dwarfs.
We have compiled the bolometric luminosities of 18 dwarfs in our sample for which both flux-calibrated spectra and parallaxes are available. The luminosities of the M to mid-L dwarfs are obtained from Leggett et al. 2000a Leggett et al. , 2001 ; those of the T dwarfs Gl 229B and Gl 570D are from Saumon et al. 2000 and Geballe et al. 2001 , respectively. We have determined the luminosities of 2MASSW J0036+18 (L4), 2MASSI J0825+21 (L6), 2MASSW J1523+30 (L8) and 2MASSW J1632+19 (L7.5), by summing their energy distributions from the red to the K band, interpolating the flux between the K band and the effective L flux computed from our photometry, and assuming Rayleigh-Jeans curves longward of L . Neither the interpolation between K and L nor the Rayleigh-Jeans extrapolation is a correct assumption for T dwarfs, as there is CH 4 absorption shortward of L , and there are CH 4 and H 2 O absorption bands between 6 and 8 µm (Burrows et al. 1997) . A correction to this simple approach was determined for Gl 229B by Leggett et al. 1999 using model atmospheres. Leggett et al. 2001 also used models to show that no correction is needed for dwarfs as late as mid L. Therefore, we adopt a correction for the 2MASS L7.5 and L8 dwarfs that is half that computed for Gl 229B, which amounts to a 5% adjustment to the total integrated luminosity. Table 7 lists the names, spectral types, K-band bolometric corrections (BC K ), and bolometric luminosities (expressed as log 10 L/L ) for the 18 dwarfs. The uncertainties of the total measured fluxes are typically 5%, and are usually dominated by the absolute calibration. These uncertainties correspond to errors in the computed BC K and log 10 L/L of about 0.07 mag and 0.03 dex, respectively. The parallaxes of GD 165B and 2MASSI J0825+21 are less well determined than those of the other dwarfs, so their bolometric luminosities are correspondingly less certain. Figure 3 shows
can be estimated for other dwarfs. The sample is too small to allow a polynomial fit to these data.
We used the relationship between T eff and log 10 L/L derived from the models of Chabrier et al. 2000 (see Figure 12 of Leggett et al. 2001 ) to compute T eff for 2MASSW J0036+18, 2MASSI J0825+21, 2MASSW J1523+30 and 2MASSW J1632+19, assuming their ages lie in the range 0.1-10 Gyr. The computed values of T eff for these dwarfs are listed in Table 7 along with previously published values for the other dwarfs Leggett et al. 2000a Leggett et al. , 2001 Saumon et al. 2000) . The range in T eff listed for each dwarf reflects its uncertain age. The temperatures derived for the late-L dwarfs are consistent with the temperature at which CH 4 is expected to become more abundant than CO in brown dwarf photospheres (Lodders 1999) ; the appearance of CH 4 absorption features in both of the H and K bands is the defining spectral signature of a T dwarf (G02). A trend between spectral type and effective temperature is apparent in Table 7 , however as we show below, the JHK colors of L dwarfs show significant scatter with spectral type and more bolometric luminosities must be determined to confirm whether or not a unique value of T eff is associated with each spectral type.
Discussion of Infrared Colors
Colors and Spectral Type
Figure 4 is a plot of J-H (top panel), J-K (middle panel) and K-L (bottom panel) versus spectral type for the dwarfs in our sample. All the L and T dwarfs have been classified spectroscopically by G02 except for four L dwarfs whose types have been taken from Kirkpatrick et al. 2000 ; these four objects are shown as open triangles in the figure. There is good consistency between L spectral types assigned using red spectra by Kirkpatrick et al. and those assigned using near-infrared spectra by Geballe et al. for spectral types L0 to around L6, however for the latest L types the schemes can differ by up to two subclasses. The average uncertainties are represented by the error bars shown in the left of each panel.
At these wavelengths the principle opacity sources in the photospheres of cool dwarfs (with 2700 ∼ > T eff ∼ > 800 K) are: H 2 O at both the short and long wavelength edges of each of the JHK bands, CH 4 at 1.6-1.8, 2.2-2.4 and 3.1-3.6 µm (affecting H, K and the blue edge of the L band), pressure-induced H 2 at 1.8-3.0 µm (K) and CO at 2.3-2.4 and 4.4-5.0 µm (K and M ). Figure 15 in Burrows et al. 2001 shows absorption cross sections versus wavelength from the optical to the M band for all these species, and is a very useful reference. The features can be compared to our filter bandpasses shown in Figure 1 .
T dwarfs (with 1300 ∼ > T eff ∼ > 800 K) become bluer in both J-H and H-K as T eff decreases and the H-and K-band absorptions by CH 4 strengthen (G02). The trend towards bluer J-K begins around spectral type L8. This result is consistent with the observations of G02 that CH 4 absorption is seen in the K-band spectra of the latest L dwarfs. Note that the blueward trend in J-H slows between types T6 and T8. This behavior probably reflects the saturation of the CH 4 absorption in the H-band (see the spectra presented in G02).
K-L generally increases through the M, L and T classes but the increase slows for types around L6 through to T5. Noll et al. 2000 detect the onset of 3.3 µm absorption by CH 4 (the fundamental band) for 2MASSI J0825+21 (L6) and 2MASSW J1507-16 (L5), and this feature is strong for T dwarfs as shown by the spectrum presented by Oppenheimer et al. 1998 . This absorption band is included at the blue edge of our L bandpass and so is probably slowing the increase in K-L for objects later than L6; tests with the Oppenheimer et al. L-band spectrum of Gl 229B show the effect to be ∼ > 0.2 mag at T6. The more rapid rise in K-L at later types probably reflects the saturation of the CH 4 absorption.
The colors are well constrained among the late M dwarfs. However the JHK colors of the L dwarfs show significant scatter. The same phenomenon is seen in Figure 5 of Reid et al. 2001a . These spectral types have a range of effective temperature (2200 ∼ > T eff ∼ > 1300 K) over which grain condensation is expected in the photosphere (Tsuji et al. 1996; Chabrier et al. 2000; Ackerman & Marley 2001; Allard et al. 2001) . The brightness temperature spectra presented by Ackerman & Marley 2001 show that the near-infrared fluxes of L dwarfs may be strongly affected by dust cloud behavior. The absorbing dust is expected to heat the photosphere and consequently reduce the depth of the H 2 O absorption bands (for the limiting cases of fully dusty and dust-free atmospheres compare Figures 8 and 14 in Allard et al. 2001) . Table 6 shows that both J-H and H-K can vary by 0.2-0.3 mag among L dwarfs of the same type (repeat observations of two of the redder L dwarfs show good agreement, §3.2, and so the reddening does not seem to be a temporary effect). One example of an apparently red L dwarf is the L5 SDSS 2249+00, for which G02 find spectral types inferred separately from the H-and K-band indices that are discrepant by three subclasses, whereas these indices are consistent for the other L5 dwarfs. However there are also examples of L dwarfs with very different infrared colors but well-behaved spectral indices, such as the L3 dwarfs 2MASSI J0028+15 and DENIS-P J1058-15. G02 find that the L subclasses correlate well with the depth of the H 2 O absorption band at 1.5 µm, although the K-band water features shows less sensitivity to spectral type. The scatter in color with L subclass may indicate varying dust properties caused by differences in metallicity (which affects dust abundance), age (which limits settling time), and rotational velocity (which may inhibit dust settling). A better understanding of the spectroscopic and photometric behavior of mid-L dwarfs will have to await detailed models with a full and accurate treatment of grain condensation.
The T dwarfs also show some scatter, in particular in J-K and K-L for the latest T dwarfs. At these temperatures (T eff ∼ 1000 K) grains are calculated to lie below the photosphere, and the absorption bands of H 2 O and CH 4 are close to saturation (see G02). The scatter seen here may be due to variations in the strength of the pressure-induced H 2 opacity in the K-band, which is expected to be an important opacity source at these temperatures and is sensitive to gravity and metallicity (e.g. Borysow, Jorgensen & Zheng 1997) . Again, understanding this behavior must await more detailed photospheric models. Figure 1 .) The strong K I feature makes the use of a red continuum index problematical for classifying late L and T dwarfs (G02).
ZJHKL Color-Color Sequences
Good correlation exists between J-K and K-L for types mid-M to mid-L and for the later T subclasses. The degeneracy of K-L between types L6 and T5 can probably be attributed to increasing absorption in both bandpasses, as described above in §5.1.
KL M : Discrepancy with Models
In Table 8 we summarise our observed K-L and K-M colors as a function of spectral type and estimated effective temperature. We also compare the observed colors to those calculated by two models which handle grain condensation (dust) differently. These are the models of very low mass stars and brown dwarfs with dusty atmospheres by Chabrier et al. 2000 , and the models of brown dwarfs in which dust is treated as if condensed below the photosphere by Burrows et al. 1997 . These structural models provide constraints on surface gravity as a function of age and temperature, and the two models give consistent results for age, temperature and gravity. The range of age or gravity for the calculated colors are given at the bottom of the table. Table 8 shows that the K-L colors for L dwarfs calculated by Chabrier et al. agree reasonably well with our observations. For T dwarfs their calculated K-L colors are redder than observed while those of Burrows et al. more closely match our observations. The L bandpass used here has a bluer cut-on wavelength than that used by either model -compare for example the bandpass shown in Figure 1 to that of L AAO in Figure 9 of Bessell & Brett 1988 . Our bandpass will include some of the CH 4 absorption seen in late L and T dwarfs (see also §5.1). Stephens et al. 2001 show that this difference in bandpass can lead to the model K-L colors being redder by 0.1 mag for late L dwarfs and by 0.2 mag for mid-T dwarfs; we have confirmed the latter by tests using the observed Gl 229B spectrum. The large discrepancy between the observed L fluxes of T dwarfs and those predicted from the models of Chabrier et al. (1.3 mag at T6) is most likely due to their treatment of dust; the authors acknowledge that dust grains are more likely to exist below, rather than within, the photosphere of T dwarfs, as is assumed by the Burrows et al. models.
The observed K-M colors of L and T dwarfs are bluer than calculated by either model. The absolute K magnitudes predicted by the models are consistent with our measurements, at least for the small sample of L and T dwarfs with known parallaxes. Thus, if the predicted K-M colors are too red, then the predicted M -band fluxes are likely to be too large. For T dwarfs, the K-M discrepancy of ∼ >1.0 mag implies that the models of both Burrows et al. 1997 and Chabrier et al. 2000 predict around three times the observed M -band flux. This is disappointing as model calculations had suggested that the 5µm region would be the preferred wavelength for brown dwarf studies using planned space instruments (Burrows et al. 2001 ). The discrepancy found here implies that achieving this goal will require higher sensitivity than originally thought.
Differences in the M filter passbands used for the model calculations and the observations cannot explain the discrepancy. The M filter used here has half-power wavelengths of 4.57 µm and 4.80 µm (see Figure 1) . The typical M filter has a half-power bandpass defined by the wavelength range 4.50-5.00 µm (see Figure 9 of Bessell & Brett 1988) . No strong features are expected in the spectra of the A0 calibration star or T dwarfs within these wavelength ranges; for T dwarfs H 2 O absorption will be important longward of the M band and CO absorption is not expected as all the carbon should be in the form of CH 4 (but see the discussion below). Allard (2001, private communication) , using models similar to those in Chabrier et al., finds no significant difference between K-M and K-M . Calculations we have done with model spectra made available to us by F. Allard and P. Hauschildt, and by D. Saumon and M. Marley, show the flux through the M and M filters differs only by 4% at T eff = 2000 K and 9% at T eff = 800 K. Tests using the observed spectrum for the T dwarf Gl 229B imply the effect to be larger but still only 20%.
The models of Burrows et al. 1997 and Chabrier et al. 2000 make very different assumptions about the presence of dust in the photosphere, however, while they calculate very different K-L colors at T eff ≈ 1000 K, their K-M colors are very similar. Hence it seems that dust does not cause the M discrepancy observed here. Another possible uncertainty in the models is treatment of molecular opacities. Oppenheimer et al. 1998 have detected CO absorption features in the M -band spectrum of the T6 dwarf Gl 229B. The implied abundance of CO in the photosphere of Gl 229B is much greater than that expected under conditions of thermochemical equilibrium (Fegley & Lodders 1996) . This overabundance of CO may be the result of vertical mixing in the atmosphere, a condition not included in the models of Burrows et al. 1997 or Chabrier et al. 2000 . Opacity from CO, and/or the change in the temperature-pressure structure of the atmosphere introduced by mixing, may at least partly account for the M -band discrepancy between observations and models. Convolving the M filter profile with the Gl 229B spectrum of Noll et al. 1997 shows that the CO absorption bands reduce the M flux by ∼0.4 mag; convolving with the wider M filter shows the effect to be ∼0.7 mag. The latter is close to the observed discrepancy if T eff ≈ 1300 K (see Table 8 ). Further study is clearly warranted.
Conclusions
We present ZJHKL M photometry for a sample of 58 late-M, L, and T dwarfs, most of which have been classified spectroscopically by G02. A well-defined but relatively new photometric system is used; differences between this and previous near-infrared systems are significant at around the 5% level, but in the case of the T dwarfs the difference at J is ∼30% and at L and M/M it is ∼20%. Differences between photometric systems must be taken into account when comparing infrared colors of L and T dwarfs taken from the literature.
We have determined effective temperatures and bolometric corrections where possible, to show that 2200 ∼ > T eff ∼ > 1300 K for L dwarfs and 1300 ∼ > T eff ∼ > 800 K for the known T dwarfs. The temperatures derived for late-L dwarfs are consistent with the expected CO to CH 4 transition temperature in brown dwarf atmospheres (Lodders 1999) .
We have analyzed the data by examining color-color, color-magnitude and color-spectral type diagrams. We conclude the following, in order of increasing wavelength:
We find that a filter centered around 1 µm (e.g., UKIRT Z) is well suited for measuring the fluxes of brown dwarfs in a region where their energy distributions are rapidly rising. Consequently, the Z filter is useful for flux calibrating red spectra, as long as the bandpass is accurately known. On the other hand, the pressure-broadened wings of the K I resonance doublet at 0.77 µm and the increasing water absorption in the J-band cause Z-J to saturate at ∼ 1.8 for L and T dwarfs. Therefore, Z-J is not useful as a discriminator of brown dwarf spectral type.
The onset of CH 4 absorption at the L-T spectral boundary (see G02) causes the J-H and H-K colors of T dwarfs to become progressively bluer, overlapping the color space occupied by M dwarfs. The ZJHK-band color trends of late-M, L, and T dwarfs show that, although SDSS and 2MASS broadband colors together are superb for identifying candidate brown dwarfs, confirmation and classification of all but the later T dwarfs require follow-up spectroscopy or longer baseline photometry.
We find significant scatter in the JHK colors of both L and the later T dwarfs. We suggest that the JHK magnitudes of L dwarfs are sensitive to the presence and composition of dust clouds in their photospheres. We also suggest that the K magnitudes of T dwarfs are sensitive to variations in gravity and/or metallicity which affect the strength of the pressure-induced H 2 opacity in this band. The observed scatter between color and spectral type may imply that there is not a unique relationship between effective temperature and spectral type; more bolometric luminosities are needed to determine whether this is true.
We find that K-L increases monotonically through most of the M, L, and T classes. A color degeneracy of K-L ≈ 1.5 exists between spectral types L6 and T5, most likely due to CH 4 absorption at the blue edge of our L bandpass, which has been shown by Noll et al. 2000 and Oppenheimer et al. 1998 to be detectable for spectral types around L6 and later. This limits the usefulness of K-L as an indicator of effective temperature. Of all the color-color combinations spanned by our near-infrared photometry, J-K versus K-L is the best discriminator of late-M, L, and T spectral types. Except for dwarfs near the L-T boundary, the dwarfs in our sample can be classified photometrically in this color space within one or two subclasses.
We have obtained accurate M magnitudes for two L dwarfs and two T dwarfs. The M -band fluxes for T dwarfs deduced from our photometry are around three times fainter than predicted by current atmospheric models. This discrepancy may be caused in part by increased opacity due to a higher than expected photospheric abundance of CO, as has been detected by Oppenheimer et al. 1998 for Gl 229B. This discrepancy demonstrates the need for improved models of substellar atmospheres and for more 5 µm spectroscopic data, although the results presented here show that such observations will be more difficult than anticipated.
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